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ABSTRACT
The systematic analysis of optical large-scale surveys has revealed a population of
dwarf galaxies hosting AGN, which have been confirmed by X-ray follow-up observa-
tions. Recently, the MaNGA survey identified six dwarf galaxies that appear to have
an AGN that is preventing on-going star formation. It is therefore timely to study the
physical properties of dwarf galaxies, in particular whether the presence of an AGN
can affect their evolution. Using the moving mesh code arepo, we have investigated
different models of AGN activity, ranging from simple energy-driven spherical winds
to collimated, mass-loaded, bipolar outflows in high resolution simulations of isolated
dwarf galaxies hosting an active black hole. Our simulations also include a novel im-
plementation of star formation and mechanical supernova (SN) feedback. We find that
AGN outflows have a small but systematic effect on the central star formation rates
(SFRs) for all set-ups explored, while substantial effects on the global SFR are only
obtained with strong SNe and a sustained high-luminosity AGN with an isotropic
wind. This suggests that AGN feedback in dwarf galaxies is unlikely to directly reg-
ulate their global SFRs. There is, however, a significant effect on outflow properties,
which are notably enhanced by the AGN to much higher outflow temperatures and
velocities, in agreement with kinematic signatures from the MaNGA survey. This in-
dicates that AGN may play an indirect role in regulating the baryon cycle in dwarf
galaxies by hindering cosmic gas inflows.
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1 INTRODUCTION
In the ΛCDM Universe, structure formation is a hierarchi-
cal process whereby primordial density fluctuations collapse
into dark matter haloes with cosmic time. The gravitational
pull of the dark matter leads the gas to collapse within these
haloes, where it can radiatively cool and form stars. Dwarf
galaxies, with stellar masses of M∗ . 3 × 109 M (or ap-
proximately the mass of the Large Magellanic Cloud), are
the smallest building blocks of this structure formation pro-
cess. They are interesting cosmological probes, as there are
a number of apparent discrepancies when comparing obser-
vations of dwarf galaxies with the predictions of the ΛCDM
model.
These discrepancies concern, for example, a large dis-
parity in the number of observed dwarfs with respect to the
predicted number of dark matter haloes that may be host-
ing these systems - the so-called missing satellite problem
(e.g. Kauffmann et al. 1993; Klypin et al. 1999; Moore et al.
1999). There is also a lack of observed massive satellites
? E-mail: skoudmani@ast.cam.ac.uk
- the too-big-to-fail problem (Boylan-Kolchin et al. 2011).
Furthermore, the inferred dark matter halo profiles from ob-
servations of dwarf galaxies do not seem to agree with the
cuspy dark matter profile predicted by the ΛCDM model -
the cusp vs. core problem (for one of the first papers on this
subject, see Moore 1994).
This has prompted some to question the validity of
ΛCDM and seek alternatives such as warm dark matter (e.g.
Lovell et al. 2012) or self-interacting dark matter (e.g. Vo-
gelsberger et al. 2014b). On the other hand, a large body of
theoretical work has identified a number of important bary-
onic processes which may fundamentally affect dwarf prop-
erties and largely alleviate the aforementioned discrepancies
(see e.g. Pontzen & Governato 2014).
The first process concerns photoheating from the meta-
galactic UV background which drastically reduces the num-
ber of luminous low-mass haloes, with a characteristic halo
mass for reionization suppression of Mc ∼ 1010 M at z = 0
(e.g. Efstathiou 1992; Okamoto et al. 2008; Fitts et al. 2016).
The second process regards feedback from SNe, which is
commonly invoked in simulations as it is one of the energet-
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ically most promising mechanisms (e.g. Dekel & Silk 1986).
In the APOSTLE simulations (Sawala et al. 2016) reion-
ization and SN feedback allow galaxy formation to proceed
only in a small subset of dark matter haloes. Other groups
find that additional physical processes (e.g. photoionization,
radiation pressure, or stellar winds) are required for SNe
to couple to the interstellar medium (ISM) effectively and
drive outflows (see e.g. Garrison-Kimmel et al. 2014; Hop-
kins et al. 2014; Kimm et al. 2015; Smith et al. 2018b; Em-
erick et al. 2018). It is also yet unclear whether SN feedback
could induce a change in the dark matter distribution from
cusp to core (see e.g. Navarro et al. 1996a). For example,
Governato et al. (2010) and Parry et al. (2012) observe this
effect in their simulations, while others only find cuspy pro-
files (Vogelsberger et al. 2014b; Sawala et al. 2016).
The importance of other feedback channels in dwarf
galaxies is still controversial. Recently, it has been suggested
by Silk (2017) that AGN feedback from intermediate mass
black holes (IMBHs) in dwarf galaxies could solve many of
the above issues including abundances, baryon fraction, and
the cusp vs. core problem. For massive galaxies, AGN feed-
back has been included as a canonical component of the
galaxy formation model (Binney & Tabor 1995; Di Matteo
et al. 2005; Bower et al. 2006; Croton 2006; Sijacki et al.
2007), since virtually all massive galaxies are known to host
a supermassive black hole with 106 M < MBH < 1010M
at their centre (for a recent review see Kormendy & Ho
2013). AGN feedback can bring the stellar properties in
agreement with observations for the high-mass end of the
galaxy population (Puchwein & Springel 2012; Vogelsberger
et al. 2014a; Schaye et al. 2015; Beckmann et al. 2017; Hen-
den et al. 2018) and various simulations have explored differ-
ent ways of how AGN feedback could couple to the gas (see
e.g. Debuhr et al. 2011; Nayakshin & Zubovas 2012; Choi
et al. 2012, 2015; Costa et al. 2014, 2018). In the past few
years, there has been growing observational evidence that
AGN feedback could also be important at the low-mass end
of the galaxy population.
Some of the first systematic searches for AGN in dwarf
galaxies were carried out by searching the Sloan Digital
Sky Survey (SDSS; York 2000) for broad Hα emission lines
(Greene & Ho 2004, 2007). Further X-ray studies confirmed
the AGN nature of these sources (Desroches et al. 2009;
Dong et al. 2012). However, note that their sample had a
median black hole mass of MBH = 1.3 × 106 M which is
still significantly above the IMBH mass regime (MIMBH 6
105 M). Reines et al. (2013) managed to extend this sam-
ple to lower black hole masses by searching for narrow-line
AGN signatures in SDSS identifying 136 candidates with
masses in the range 105 M < MBH < 106 M. Follow-
up studies in the optical studies found velocity dispersions
σ∗ = 20 − 71 kms−1 and Eddington fractions, fEdd, from
0.1− 50 per cent, and (where detected) nuclear X-ray lumi-
nosities were significantly higher than expected from X-ray
binaries (Baldassare et al. 2016, 2017).
Pardo et al. (2016) identified 605 dwarf galaxies at
redshift z < 1 in the NEWFIRM Medium Band Sur-
vey (Whitaker et al. 2011) that lie within the region cov-
ered by archival Chandra data. They find an AGN occupa-
tion fraction of 0.6 − 3 per cent in the stellar mass range
109 M 6 M∗ 6 3 × 109 M consistent with local studies,
e.g. Lemons et al. (2015). There have also been a number of
systematic searches for IMBHs in the infrared band, which
yielded similar AGN occupation fractions (Satyapal et al.
2007, 2008, 2014; Marleau et al. 2013; Sartori et al. 2015).
Chilingarian et al. (2018) carried out an automated
search analysing one million SDSS galaxy spectra. They only
keep objects with MBH < 2× 105 M and the BPT (Bald-
win et al. 1981) classification has to be “AGN” or “com-
posite”, among other criteria. This yields a sample of 305
IMBH candidates including all previously known AGN in
the IMBH mass regime. 18 of those have sufficiently deep
X-ray observations to rule out or confirm an AGN. This re-
sults in a sample of 10 ‘bona fide’ intermediate mass AGN,
five of which were previously known. Furthermore, IMBHs
with masses down to ∼ 103 M have been predicted based
on known scaling relations for both early-type (Graham &
Soria 2018) and late-type (Graham et al. 2018) galaxies in
the Virgo Cluster.
More direct evidence for AGN feedback comes from
the SDSS-IV (Blanton et al. 2017) MaNGA (Bundy et al.
2014) survey where 6 out of 69 quenched low-mass (M∗ <
5 × 109 M) galaxies appear to have an active AGN that
is preventing on-going star formation (Penny et al. 2018).
Five of these six galaxies have kinematic signatures consis-
tent with outflows. This discovery challenges the canonical
picture of quenching mechanisms where it is assumed that
stellar feedback channels are solely responsible for regulat-
ing star formation in low-mass galaxies. Might AGN also
play a role in the evolution of dwarf galaxies?
Dashyan et al. (2017) address this question using an
analytical model and find that AGN feedback is more effi-
cient than SN feedback for driving gas out of dwarf galaxies
for a significant range of parameter space. However, their
model includes some simplifying assumptions (e.g. spherical
symmetry) and to settle this issue a more comprehensive nu-
merical model is needed. Wadepuhl & Springel (2011) car-
ried out high-resolution hydrodynamic simulations of the
formation of Milky Way sized galaxies and their satellites
to test whether including additional feedback mechanisms
could address the ‘missing satellite problem’. They find that
including AGN feedback in addition to SN feedback does
not make a significant difference as most of the satellites are
too small to grow a large black hole.
Mini-quasars have been invoked as direct contributors
to reionization for many years. Though now it seems that
massive stars play the most important role in the reioniza-
tion process producing the bulk of UV photons, while the
contribution to the ionization fraction from X-rays is only a
few per cent (Ciardi et al. 2010). Trebitsch et al. (2018) car-
ried out cosmological zoom-in simulations of high-redshift
dwarf galaxies to determine whether an AGN could have an
indirect effect on reionization by creating paths for photons
to escape. However, they find that SN feedback is far more
efficient than AGN feedback in their simulations as the AGN
is starved of gas resulting in low accretion rates. Similarly,
Habouzit et al. (2017) find that in their cosmological sim-
ulations of high-redshift dwarf galaxies, the growth of BHs
is hindered by strong SN feedback. However, other high-
redshift simulations find that Eddington fractions increase
with time to 0.2−0.8 at redshift z = 4 (Barai & Pino 2018).
Bellovary et al. (2018) set up cosmological zoom-in simula-
tions focussing on dwarf galaxies at z = 0. They also find
that accretion rates are low throughout cosmic time render-
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ing them difficult to detect electromagnetically. But they
note that their merger history is optimal for gravitational
wave detection by LISA.
For most of the simulations mentioned above, the
Bondi-Hoyle-Lyttleton (BHL) accretion rate (Hoyle & Lyt-
tleton 1939; Bondi & Hoyle 1944) is used as the AGN accre-
tion prescription which, due to its quadratic dependency on
the black hole mass, makes it difficult for IMBHs to accrete
significant amounts of gas. As feedback is directly coupled to
accretion, this will then also result in low AGN luminosities.
Note that whilst this approach allows simulators to model
accretion self-consistently, there is no observational evidence
for central black holes accreting at the BHL rate. More-
over, observations of intermediate mass AGN consistently
find high Eddington fractions so there must be a scenario
which allows IMBHs to accrete efficiently.
Here we therefore decide to take a phenomenological,
but more adaptable approach and let the AGN in our sim-
ulations accrete at a fixed fraction of the Eddington rate
M˙Edd based on the initial black hole mass. This allows us
to explore a wide parameter space to determine which AGN
luminosity would be required for AGN feedback to affect
dwarf galaxies and then compare back to observations to as-
sess whether such luminosities would be realistic1. The aim
is to assess the maximum possible impact of AGN feedback,
without worrying how the gas would get accreted, and inves-
tigate the effect on the baryonic content of dwarf galaxies,
including the gas content, star formation and outflow prop-
erties.
The outline of the paper is as follows. We describe our
numerical methods in Section 2, including a summary of the
SN and AGN models. In Section 3, we describe the different
set-ups for our isolated dwarf galaxy simulations, in particu-
lar the initial conditions and the ‘switched-on’ physics mod-
ules for each simulation run. We then present our simulation
results in Section 4 where we analyse the star formation and
outflow properties, and compare our results to observations
from MaNGA. We discuss these results and compare them
to other studies in Section 5, and finally conclude in Section
6.
2 METHODOLOGY
All simulations presented in this work are carried out
with the massively-parallel arepo code (Springel 2010),
where fluids are modelled as a moving mesh using a quasi-
Lagrangian finite volume technique. The unstructured mesh
is based on the Voronoi tessellation of a set of discrete points
that cover the whole computational domain. These mesh-
generating points are allowed to move with the local flow
velocity, with minor corrections to avoid excessive distor-
tion of the gas cells.
Gravitational interactions are modelled using the
TreePM approach, with star particles as collisionless par-
1 Note that Trebitsch et al. (2018) also have one run in their
simulation suite where they let the BH accrete as much gas ‘as
possible’ limited by the Eddington rate. However, in practice their
accretion algorithm does not allow for significant accretion once
the central region gets depleted by SN feedback and therefore the
accretion ends up being sub-Eddington for the majority of the
simulation.
ticles representing whole stellar populations. For our iso-
lated set-ups we simply model dark matter as a static grav-
itational potential. The sub-grid models for SN and AGN
feedback physics are extensively described in Smith et al.
(2018a) and Curtis & Sijacki (2015) and only a brief sum-
mary is given below (see Sections 2.1 and 2.2). In addition
to these, we include primordial and metal line cooling (cf.
Vogelsberger et al. 2013) and we do not include a UV back-
ground. Note that we impose a non-thermal pressure floor
to ensure that the Jeans length is resolved by a minimum
number of cells, NJ,min = 14, to avoid artificial fragmenta-
tion (see Smith et al. 2018a, for details).
2.1 Star Formation & ISM Model
2.1.1 Star Formation
If a gas cell’s density is above a certain threshold nSF, it
is marked as star-forming and its SFR is calculated using a
simple Schmidt law:
ρ˙∗ = SF
ρ
tff
, (1)
where SF is the instantaneous star formation efficiency, ρ is
the gas density and tff =
√
3pi/32Gρ is the dynamical free-
fall time. For the density threshold we take a fiducial value
of nSF = 10 cm−3. There is indication of a wide range of
star formation efficiencies in molecular clouds ranging from
less than 1 to 40 per cent (see e.g. Krumholz & Tan 2007),
so we test two different values for the instantaneous star
formation efficiency: SF = 1.5 per cent and SF = 15 per
cent (see Section 3.2 for a more detailed discussion of the
choice of the SF parameter).
2.1.2 SN Feedback
With this feedback scheme, individual SNe are resolved in
time and at each time-step for each star particle SN rates,
N˙SN, are tabulated as a function of age and metallicity from
Starburst99 (Leitherer et al. 1999) assuming a Kroupa
(2002) initial mass function. The number of SNe of a given
particle in a given time-step then gets drawn from a Poisson
distribution with mean N¯SN = N˙SN∆t, where ∆t is the time-
step. Note that we also introduce a time step limiter so that
N¯SN  1.
For each SN, mass, metals, energy and momentum are
distributed into the gas cell hosting the star particle as well
as all neighbouring gas cells that share a face with the host
cell. To achieve an isotropic distribution of these quantities,
we use the weighting scheme from Hopkins et al. (2018a,b)
assigning a vector weight w¯i to each neighbour (see also
Smith et al. 2018a). The host cell receives a set fraction
fhost = 0.05 of the ejecta mass mej and the SN energy ESN.
Here we adopt mej = 10 M, 2 M in metals, and ESN =
1051 erg. The total momentum imparted to the neighbouring
cells is ptot =
√
2mejESN.
In the ‘no feedback’ simulations, host cells and neigh-
bours receive mass and metals as described above but their
energy and momentum are not altered. For other simula-
tions, we use the ‘mechanical feedback’ mode which aims
to account for the PdV work done during the Sedov-Taylor
phase of the SN remnant (SNR) evolution in the event that
c© 0000 RAS, MNRAS 000, 000–000
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it is unresolved. During this adiabatic phase, the momentum
of the SNR can be boosted by around an order of magnitude.
By comparing the initial momentum of the SNR to its mo-
mentum after it has swept up some ambient material, this
boost factor can be parametrized in terms of the weighted
ejecta mass ∆mi = |w¯i|mej and the swept-up cell mass mi:
fboost = MIN
[√
1 + mi∆mi
,
pfin
ptot
]
, (2)
where pfin is the momentum of the SNR as it exits the en-
ergy conserving Sedov-Taylor phase and transitions to the
momentum conserving snowplough phase. From fits to simu-
lations of individual SNe (see Blondin et al. 1998; Thornton
et al. 1998; Geen et al. 2015; Kim & Ostriker 2015; Mar-
tizzi et al. 2015; Kimm et al. 2015), we take the asymptotic
momentum as:
pfin = 3× 105km s−1 ME16/1751 n−2/17H Z′−0.14, (3)
where E51 = (ESN/1051erg) = NSN is the number of SNe,
Z′ = MAX(Z/Z, 0.01) is the metallicity in solar units, and
nH is the hydrogen number density in cm−3. Note that this
boost factor is calculated for each neighbouring cell individ-
ually.
2.2 AGN model
2.2.1 Refinement strategy
arepo is a quasi-Lagrangian code, i.e. it aims to keep cell
masses constant within a factor two of the target mass
mtarget. However, alternative refinement criteria can be im-
plemented allowing for regions of interest to be refined to
much lower masses and higher spatial resolution. The AGN
model by Curtis & Sijacki (2015) uses a super-Lagrangian re-
finement criterion for the region around the black hole with
the aim of resolving gas flows, and therefore AGN feedback
mechanisms, more accurately. The size of the refinement re-
gion is set equal to the black hole smoothing length hBH
which is defined as the radius of the sphere containing a to-
tal mass of 32 × mtarget. This ensures that the refinement
region contains a constant amount of mass. Cells within the
refinement region then get (de-)refined so that their cell ra-
dius Rcell is within
0.5lref < Rcell < lref , (4)
lref =
d
Rcell
(Rcell,max −Rcell,min), (5)
where d is the gas cell’s distance from the black hole,Rcell,min
is the minimum cell radius (set to the Bondi radius rB),
and Rcell,max is the maximum cell radius (set to 0.1hBH).
Note that in the original implementation Rcell,max is set to
0.5hBH though we find that in our simulations we need a
lower value to obtain a relatively smooth cell size distribu-
tion (see Appendix B). We also set a minimum gas cell mass
mmin = 2 × 10−1 M = 10−3mtarget. Note that this means
that for the majority of the simulation, the Bondi radius is
not resolved. However, this is not a significant concern as
we have constant accretion rates, and therefore only need
outflow properties to be converged. We test both higher and
lower values for the minimum mass and find that for resolv-
ing energy and mass injection, the above minimum mass
value is sufficient (see Appendix A).
For feedback injection, we use both an isotropic scheme
with simple energy-driven spherical winds and a non-
isotropic scheme with collimated, mass-loaded, bipolar out-
flows. The latter is motivated by unresolved dynamics, e.g.
magnetic fields close to the black hole, which lead to the ob-
served bipolar outflows from AGN (Rupke & Veilleux 2011;
Maiolino et al. 2012). Note that we fix the bipolar cone’s
orientation to be aligned with the z axis.
The two AGN models are depicted in Figure 1. The
main panels show edge-on projections of the Voronoi mesh
with the colour coding indicating the temperature of the gas
cells. Each panel also has two insets zooming in on the cen-
tral region with colour coding representing the gas velocity
and the gas density, respectively. We notice much stronger
and more collimated outflows for the bipolar injection model
with high gas velocities. With the bipolar model, we retain
a warm, medium-density component in the central region,
whereas with the isotropic model all the gas in the central
region is dispersed and heated to high temperatures. The
figure also shows the wide range of cell sizes in the simula-
tion from ∼ 50 pc in the central region to ∼ 500 pc in the
outflows entering the circumgalactic medium (CGM).
2.2.2 Accretion model
Our primary aim in this work is to explore how energetic the
AGN feedback would need to be to significantly affect the
host galaxy’s evolution. To this end, we let the black hole
accrete at a fixed fraction fEdd of the Eddington rate M˙Edd
based on the initial black hole mass MBH,initial motivated by
the issues discussed in Section 1. The black hole accretion
rate M˙BH then becomes
M˙BH = fEdd × M˙Edd, (6)
where
M˙Edd =
4piGMBHmp
rσTc
, (7)
where G is the gravitational constant, mp is the mass of a
proton, r = 0.1 is the assumed radiative efficiency, σT is
the Thomson cross-section, and c is the speed of light.
At each time-step ∆M = M˙BH(1 − r)∆t gets drained
from the gas cells within hBH using a top-hat weighting
scheme so that each cell loses ∆m = ∆M × mcell/Σmcell.
We apply a limit to the mass being drained from a given cell
to 90 per cent of that cell’s mass. In the case of the bipo-
lar scheme, we only drain mass from the regions outside the
bipolar feedback cone.
2.2.3 Injection model
For isotropic feedback, the AGN luminosity is set to a frac-
tion r of the accreted rest-mass energy. In each time-step
we then inject ∆Efeed = fr∆Mc2 where f = 0.05 is the
feedback efficiency. The energy is distributed over all cells
within hBH in an isotropic manner using a cubic spline kernel
weighting.
For non-isotropic feedback, we inject the feedback en-
ergy into a bipolar cone of opening angle θout = pi/3. In ad-
dition, we include the entrainment of mass into this feedback
scheme by defining an efficiency parameter out which rep-
resents the fraction of gas that is swept up into the outflow.
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Figure 1. Edge-on projections of the Voronoi mesh (3.0 × 5.0 × 0.2 kpc) for the two different AGN injection models at t ∼ 25 Myr.
The left panel shows the isotropic, thermal feedback scheme, and the right panel shows the bipolar, mass-loaded outflows. The colour
coding in the main panels indicates the gas temperature, and the colour coding in the two insets indicates the vertical gas velocity and
gas density, respectively.
Here we set out = 0.5 following Curtis & Sijacki (2015).
The luminosity then gets reduced to r(1−out)M˙BHc2. Both
mass and energy get injected into the cells that are within
the bipolar cone and hBH according to the cubic spline kernel
weighting. Note that if we want to compare the two injection
schemes at fixed luminosity, we need to double the accretion
rate for the bipolar feedback.
2.3 Adjustments
We do not want stars to form in the refinement region as hav-
ing star particles of significantly lower mass colliding with
more massive particles would lead to spurious N-body heat-
ing effects. Curtis & Sijacki (2015) take care of that issue by
setting the SFRs of all gas cells in the refinement region to
zero. Since a central aspect of our project is to address the
question of whether an AGN would be able to quench star
formation, we still record the theoretical SFRs for gas cells
in the refinement region but do not allow star particles to
form there.
Different from the modified equation of state models,
the Smith et al. (2018a) model resolves individual SN events
in time and directly relates them to star particles rather
than modelling SN feedback non-locally. We therefore need
to include an extra mechanism to prevent SN events in the
refinement region: if the mass of the gas host cell is less than
20 per cent of the target gas mass we discard the SN. This
ensures that the ejecta mass will never be on the same order
or larger than the host cell mass. Also since we are using the
aggressive refinement, a cell’s shape might not be regular for
a certain fraction of time which could cause issues for the
isotropic weighting scheme in the SN feedback scheme. We
keep track of the fraction of discarded SN events to ensure
that we are not losing a significant amount of stellar feedback
(see Appendix B).
3 SIMULATIONS
3.1 Initial Conditions
The initial conditions comprise an isolated galaxy consisting
of a stellar and gas disc, and a stellar bulge surrounded
by hot (106 K), low-density (10−6 cm−3) gas representing
the CGM. The dark matter component is modelled by a
static background potential in the form of an NFW profile
(Navarro et al. 1996b) with concentration parameter c =
10 and spin parameter λ = 0.04. The baryonic component
of the initial conditions was originally generated with the
MakeDisk code (Springel et al. 2005). Note that the star
particles from the initial disc and bulge component do not
contribute to the stellar feedback.
Here we focus on a system of total mass 1011 M, with
3.5 per cent of the mass in the disc and 0.35 per cent of the
mass in bulge component. The disc is gas-rich with a gas
fraction fgas = 0.5. This allows SNe and AGN to be effective
in our simulations as both require a substantial gas reservoir.
Also note that our isolated galaxy is not necessarily a local
dwarf, indeed with our high gas fraction, this system is more
of a high-redshift analogue. The total stellar mass of our
galaxy is 2.1× 109 M which is a typical mass for observed
dwarf galaxies hosting AGN (see e.g. Reines & Volonteri
2015; Penny et al. 2018). The initial temperature of the gas
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. X-ray luminosity against black hole mass. Observa-
tional data of active IMBHs from Chilingarian et al. (2018) are
shown in grey. The shaded regions show Eddington fractions
fEdd = 0.01, 0.1, 1.0, where the lower boundary is given by an
Eddington fraction dependent (Vasudevan & Fabian 2007) and
the upper boundary by a luminosity dependent (Hopkins et al.
2007) bolometric correction. Our two simulation set-ups are indi-
cated as squares.
disc is set to 4.6 × 104 K and the initial disc metallicity to
0.1 Z. The virial radius of the halo is Rvir = 75.5 kpc and
we choose the size of the simulated box to be 4×Rvir = 302
kpc so that the entire halo is encapsulated. The gas cells and
star particles are set to have the same target mass mtarget =
200 M. The minimum gravitational softening length for the
gas cells and the fixed gravitational softening length for the
star particles are set to the same value grav = 3.8 pc. Note
that this is the same system as the ‘large galaxy’ in Smith
et al. (2018a). The only modification we make to this set-up
is to add a central black hole with mass MBH = 105 M.
We choose this black hole mass, since on the one hand it
is comparable to black hole masses for systems with similar
bulge masses in the literature (see e.g. Chilingarian et al.
2018) and on the other hand it allows us to test AGN feed-
back in the IMBH range, 102 M < MIMBH < 105 M.
Note however that this black hole mass represents a conser-
vative choice and using the MBH −M∗ relation from Reines
& Volonteri (2015), we obtain a black hole mass of approx-
imately 5× 105 M.
3.2 Simulation Details
We would like to identify the set-up where AGN activity has
the most significant impact on dwarf galaxies. We start off
with what we consider to be the most promising configura-
tion and then investigate different variants of this fiducial
run to assess which conditions are required for suppressing
star formation.
Observations of intermediate mass AGN consistently
find high Eddington fractions. Whilst this is obviously in-
fluenced by an observational bias, it does demonstrate that
there is a non-negligible population of dwarf galaxies with
AGN accreting efficiently. Figure 2 shows the observed X-
ray luminosities and IMBH masses of ten confirmed inter-
mediate mass AGN (Chilingarian et al. 2018). For compar-
ison, we also show the regions corresponding to different
Eddington fractions on the diagram. There is a lot of uncer-
tainty associated with converting between X-ray and bolo-
metric luminosities. Some argue that the bolometric cor-
rection, κ, should increase with luminosity (see e.g. Hop-
kins et al. 2007), whilst others find that Eddington frac-
tion is a stronger discriminator between the high and low
κ populations (Vasudevan & Fabian 2007). In our context
this difference is crucial as the AGN considered here have
low luminosities, due to the low black hole mass, but high
Eddington fractions. We therefore show our inferred X-ray
luminosities for different Eddington fractions as shaded re-
gions with the lower bounds calculated using the Vasudevan
& Fabian (2007) correction and the upper bounds are ob-
tained using the bolometric correction from Hopkins et al.
(2007). Note that two out of ten observed AGN luminosities
lie above 100 per cent of the inferred Eddington rate. How-
ever these IMBHs might have been observed at the peak of
a duty cycle, and in that case using the maximum observed
luminosity constantly in our simulations would likely over-
estimate the impact of the AGN. We therefore choose the
more conservative Eddington fractions of 10 or 100 per cent
for our runs (indicated as coloured squares in Figure 2). Fur-
thermore, we set our fiducial instantaneous star formation
efficiency to SF = 0.15 to obtain high SN efficiency.
We hypothesise that the isotropic thermal feedback
would be most effective in influencing star formation, as it
drives energy directly into the disc. We therefore choose the
run with an AGN emitting thermal energy isotropically at
100 per cent of the Eddington rate as our fiducial set-up
(SN+AGNTh100). We also repeat the same run with the
AGN shining at 10 per cent of the Eddington luminosity
(SN+AGNTh10), and with the AGN shining at 100 per cent
of the Eddington luminosity, but with the energy input be-
ing restricted to a bipolar cone and additional mass loading
(SN+AGNBi100). Note that we expect the latter to be less
efficient at regulating star formation as most of the ther-
mal energy will simply escape from the galaxy. Finally, we
also test a set-up with a lower star formation efficiency of
 = 0.015 (SN+AGNTh100Low).
For comparison we also carried out SN only runs as
well as runs without any feedback at both star formation ef-
ficiencies (SN, SNLow, NoFeedback, and NoFeedbackLow).
All simulation runs and their properties are listed in Table
1.
4 RESULTS
4.1 Gas properties
We start our analysis by inspecting the visuals of the simu-
lation suite which are shown in Figure 3. Here, 50×100×10
kpc edge-on projections of surface density, temperature, ver-
tical velocity and metallicity at t = 300 Myr are plotted.
As expected, both of the runs without energetic feedback
(‘NoFeedbackLow’ and ‘NoFeedback’) overcool resulting in
a massive overproduction of stars. The high SF run has
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Figure 3. 50 × 100 × 10 kpc edge-on projections of all the simulation runs at t = 300 Myr. The first row shows surface densities, the
second row shows temperatures, the third row shows vertical velocities, and the fourth row shows metallicities. The low SF runs are
depicted on the left hand side, and the high SF runs on the right hand side. With only SN feedback, the outflows are slow, warm, and
high-density. With additional AGN feedback, the outflows have an additional hot, low-density component moving at high velocities. The
differences in outflow metallicities at t = 300 Myr are largely driven by differences in outflow histories rather than star formation.
Table 1. Overview of the simulation runs, where we list star
formation efficiencies (SF), AGN luminosities, and “switched-on”
feedback mechanisms.
Name SF LAGNLEdd Feedback Physics
NoFeedback 0.15 0.0 no energetic feedback
NoFeedbackLow 0.015 0.0 no energetic feedback
SN 0.15 0.0 SNe
SNLow 0.015 0.0 SNe
SN+AGNTh100 0.15 1.0 SNe, AGN (thermal)
SN + AGNTh100Low 0.015 1.0 SNe, AGN (thermal)
SN+AGNTh10 0.15 0.1 SNe, AGN (thermal)
SN+AGNBi100 0.15 1.0 SNe, AGN (bipolar)
slightly more metals as even more stars are formed with
this set-up. None of the two no feedback runs have outflows.
Adding SN feedback to this set-up triggers large-scale
outflows. However at low SF, the outflows are much weaker
consisting of mainly slow-moving, relatively dense gas and
only reaching heights of z ∼ 35 kpc. The high SF run drives
much stronger outflows which reach heights z > 50 kpc. The
outflows have a significant warm component (T ∼ 105 K),
but are still relatively slow (vz ∼ 102 kms−1). Close to the
disc, both SN runs have small-scale hot outflows, reaching
temperatures T ∼ 106 K. We also observe a significant galac-
tic fountain effect close to the disc which is even stronger for
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the high SF run due to a recent quenching episode which
weakened the SN feedback.
With additional AGN activity outflows are significantly
enhanced. At low SF, the outflows reach extremely high ve-
locities of several thousands kms−1. The bulk component
of the outflowing material is hot (T ∼ 107 K), low-density,
and high-metallicity (Z & Z). While in the ‘SNLow’ run,
the propagation of metals into the CGM is limited, the out-
flows in the ‘SN+AGNTh100Low’ run are powerful enough
to increase the metallicity in the whole surrounding region.
At high SF, the AGN runs have lower metallicity than
the ‘SN’ run within the extent of the projections shown.
Though this difference is not driven by SN activity, but by
different outflow properties2. Suppression of central SFRs
by the AGN is a secondary effect, the overall metal mass
between ‘SN’ and ‘SN+AGNTh100’ differs by only three
per cent.
The AGN runs at high SF are significantly more multi-
phase than the other set-ups. Outflow velocities range from
tens to thousands kms−1 and outflow temperatures from
∼ 104 K to & 109 K. As the simulation evolves the hot
gas fraction increases due to the constant input of thermal
energy.
We can compare the effect of different energy injection
schemes and different SF in more detail by looking at the
phase diagrams. Figure 4 shows the phase diagrams of the
gas for the SN and high luminosity thermal wind runs at
t = 300 Myr. Colour coding represents the fraction of mass
in a given pixel. For all runs, the CGM gas is visible at
T ∼ 106 K and nH ∼ 10−6 cm−3 and the ISM gas at
T . 4.5 × 104 K. The connection between those two re-
gions represents gas cooling from the CGM onto the disc.
The dotted line indicates the non-thermal pressure floor and
the star formation density threshold is shown as a vertical
dashed grey line.
The low SF runs all have significant amounts of dense,
cool gas above this threshold (∼ 5 per cent of gas is star-
forming in both cases). The gas has short cooling times and
mostly occupies the high-density, low-temperature region
of the phase diagram. Nevertheless, some of the gas man-
ages to get to higher temperatures, where cooling times are
longer. We obtain small-scale outflows for the ‘SNLow’ run,
with some gas (Mhot ∼ 9× 102 M) reaching temperatures
above 107 K. The ‘SN+AGNTh100Low’ run produces large
outflows with significant amount of gas in the hot phase
(Mhot ∼ 7 × 107 M). For the SF = 15 per cent runs, we
have strong outflows both with and without an AGN. The
SN feedback drives powerful outflows (Mhot ∼ 3× 106 M)
and efficiently regulates star formation. The AGN activity
increases the hot mass by approximately two orders of mag-
nitude to Mhot ∼ 1 × 108 M, and the outflows are more
multiphase also containing warm components (cf. Figure 3).
As with the low SF case, the gas above the star formation
density threshold is barely affected by the AGN and for both
high SF runs, we have a star-forming gas mass fraction of
less than one percent.
2 In the AGN runs, the metals from the initial starburst get
ejected earlier as the AGN triggers outflows from the very be-
ginning, different from the SN feedback which takes ∼ 40 Myr to
develop its full effect. Furthermore, the AGN runs eject material
at a higher rate, so at t = 300 Myr, the high metallicity material
has reached heights z > 50 kpc.
For the runs where feedback is efficient
(‘SN+AGNTh100Low’, ‘SN’ and ‘SN+AGNTh100’),
a significant amount of mass is located in the low-
density, high-temperature region of the phase diagram at
10−6 cm−3 . nH . 10−5 cm−3 and 106 K . T . 107 K.
This feature represents the hot outflows, which carry a
significant amount of gas mass away from the galaxy (see
Section 4.3). For the two AGN runs, we also have a second
high-temperature feature. As can be seen from the colour
coding, these cells are super-refined gas cells within the
black hole smoothing length. This feature is then explained
as a by-product of the super-Lagrangian refinement scheme
together with a minimum mass constraint3.
4.2 Star formation
Before we delve into the details of outflows in section 4.3, we
want to assess the impact of AGN activity on star formation
which is one of the most fundamental quantities of galaxy
formation. Figure 5 shows the SFRs for SF = 1.5 per cent
and SF = 15 per cent. For the SF = 1.5 per cent case,
the no feedback run has a starburst between ∼ 30 and 150
Myr using up most of the gas and then follows the SFRs of
the two feedback runs. The ‘SN+AGNTh100Low’ run forms
slightly more stars than the ‘SNLow’ run early on4 and then
has roughly similar, albeit systematically lower, SFRs. This
can be seen more clearly in the inset which shows the ratio
between the AGN and the SN only run.
For the SF = 15 per cent runs, there is an early peak
in the SFR at t ∼ 25 Myr. Afterwards, the SFR of the
‘NoFeedback’ run slightly decreases, with the majority of
the high-density gas having been consumed, while the SFRs
of the runs including SN feedback decrease rapidly. This
makes sense as a burst of star formation will be followed
by a burst of SN activity. At around t ∼ 90 Myr, the SFR
of the ‘SN’ run’ drops slightly below the SFR of the AGN
runs. Finally, at around t ∼ 160 Myr, the AGN outflows
start taking effect. The SFRs of all three AGN runs start
falling below the ‘SN’ run. The ‘SN+AGNTh100’ run has
the most significant effect, decreasing SFRs by by approxi-
mately a factor of five for t & 200 Myr. The other two AGN
runs have qualitatively similar effects, though the offset is
less significant here. Since the bipolar mode only injects en-
ergy into a double cone perpendicular to the disc, we would
not expect it to have a large effect on the cold disc gas -
the isotropic thermal winds can have a much more signif-
icant impact here. Also note that towards the end of the
simulation at t ∼ 300 Myr, the SFRs start decreasing again.
We followed the ‘SN’ and ‘SN+AGNTh100’ slightly longer
and found that the pattern of SFR peak followed by SFR
trough (due to high SN activity) keeps repeating, as one
would expect with a strong stellar feedback loop.
From the temporal evolution of star formation prop-
erties, one could conclude that AGN outflows do not sig-
3 As discussed in Appendix B, a significant number of cells will
reach the minimum mass which is set to 2×10−1 M. This leads
to the strip in the phase diagram of the ‘SN+AGNTh100’ run. In
the low SF case, higher central surface densities mean that fewer
cells will reach the minimum mass and therefore the distribution
of the gas phases in the refinement region is broadened.
4 This a positive feedback effect from gas being compressed on
the expanding AGN bubble.
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Figure 4. Comparison of the phase diagrams for the two star formation efficiencies at t = 300 Myr. The models used are labelled on
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Figure 5. Left panel: SFRs for the SF = 1.5 per cent runs. The inset shows the ratio between the AGN and SN only runs. Adding
AGN outflows does not have a significant effect on SFRs in this set-up. Right panel: SFRs for the SF = 15 per cent runs. The inset
shows the ratio between the AGN and SN only runs. All AGN outflow models affect SFRs at late times. The high-luminosity, thermal
run (‘SN+AGNTh100’) is the most effective, suppressing the SFR by approximately a factor of five for t & 200 Myr.
nificantly affect star formation in dwarf galaxies. However,
looking at the spatial distribution instead, we see a small
but systematic offset with star formation being suppressed
in the central region for different AGN models, luminosi-
ties and star formation efficiencies. Figure 6 shows the SFR
within a given radius R for SF = 1.5 per cent and SF = 15
per cent. For reference, the enclosed gas mass is also shown
in the lower panels. The black hole smoothing lengths are
indicated as vertical dashed lines.
For the low SF runs, central SFRs are slightly sup-
pressed when including AGN outflows on top of SNe at
t = 100, 250, 300 Myr. For the high SF runs, this ef-
fect is more pronounced. Here the AGN runs have lower
central SFRs for the majority of the simulation times. In
all cases, the AGN activity has significantly depleted the
central region, though note that at fixed luminosity the
bipolar run has a much smaller effect on the gas distri-
bution than the isotropic thermal run. This is largely due
to energy injection rather than mass accretion effects, as
the accreted mass over t = 300 Myr amounts to merely
Macc,tot = fEdd × 6.7× 105 M, whilst the offsets observed
are at least on the order of 106 − 107 M.
Overall, we find that, even with an AGN shining at 100
per cent of the Eddington luminosity, we cannot suppress
star formation globally, though we do observe significant ef-
fects locally. Partly this is due to the SN feedback being
very efficient so that majority of the quenching work has
already been done. Another reason that AGN activity does
not affect star formation is that most of the AGN feedback
energy escapes along the path of least resistance, i.e. in this
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Figure 6. Cumulative SFRs as a function of distance from the galaxy centre for SF = 1.5 per cent (top panel) and SF = 15 per cent
(bottom panel) runs. For comparison cumulative gas masses are also shown in each case. The black hole smoothing lengths (equal to the
size of the refinement region) are indicated as vertical dashed lines. For the runs with AGN feedback, central SFRs are systematically
suppressed, in particular at high SF.
case perpendicular to the disc (see e.g. Wagner et al. 2013;
Bourne et al. 2014; Costa et al. 2014; Gabor & Bournaud
2014; Bieri et al. 2017).
In addition there are some caveats with our isolated
model, the most important one being that we do not have
gas inflows. If we had gas inflows these would likely be hin-
dered by an AGN, as we see significant global effects of AGN
activity on galactic outflows (cf. Figure 3). These effects will
be analysed in more detail in the next section.
4.3 Outflow properties
We further investigate the outflows visible in Figure 3 by
plotting the mass outflow rate M˙out, the mass loading fac-
tor (ratio of mass outflow rate to SFR), the thermal energy
outflow rate U˙out and the mass-weighted average outflow ve-
locity < vout > at three target heights (H = 2 kpc, H = 20
kpc, and H = 75.5 kpc = Rvir) for a slice of thickness
dz = 200 pc in Figure 7. The virial velocity is indicated
as a dashed grey line in the panels showing the average out-
flow velocities. Outflow velocities are taken vertically away
from the disc plane, and we only include gas flowing away
from the disc by requiring sgn(vz) = sgn(z).
At low SF, we can see clear differences between the
‘SNLow’ and ‘SN+AGNTh100Low’ runs for all quantities
considered. The AGN runs have large-scale outflows from
the beginning of the simulation run. The SN only runs have
small-scale outflows from t ∼ 50 Myr. This is because it
takes some time for stars to form and explode as SNe, whilst
the AGN is active from the beginning of the simulation. The
SN-driven outflows at H = 2 kpc reach mass outflow rates
similar to the ‘SN+AGNTh100Low’ run. The outflows at
H = 20 kpc, however, are about one order of magnitude
weaker and only reach significant outflow rates from t = 250
Myr onwards. For ‘SNLow’, no outflows reach the virial ra-
dius, within the simulation time. This shows that the out-
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Figure 7. Outflow properties against time for the SF = 1.5 per cent and the SF = 15 per cent runs calculated at target heights
H = 2 kpc (left column), H = 20 kpc (middle column), and H = 75.5 kpc = Rvir (right column). The first row shows the mass outflow
rates M˙out, the second row shows the mass loading factor, the third row shows the thermal energy outflow rates U˙out, and the fourth
row shows the average outflow velocities < vout > (the virial velocity is indicated as a dashed grey line). The different models used are
given by the figure legend. The ‘SNLow’ run, in general, does not have powerful enough feedback to drive significant outflows, and even
by adding an AGN shining at 100 per cent of the Eddington luminosity, we do not obtain significant mass loading factors. When SN
feedback is efficient (high SF runs), the most striking difference are the thermal outflow rates, with the AGN expelling up to five orders
of magnitude more thermal energy from the galaxy.
flows at H = 2 kpc mainly originate from a warm fountain,
which does not propagate into the CGM.
Due to the similar SFRs, the mass loading factors follow
the same pattern. Note that from observations and theory,
we would expect mass loading factors between one and ten,
whilst we get a mass loading factor of order 0.1 for both
runs at H = 2 kpc. Remarkably, even with a sustained high-
luminosity AGN, we do not obtain high mass loading.
We also consider the outflow rate of thermal energy
per unit mass. At H = 2 kpc, there is some thermal en-
ergy outflow for the ‘SNLow’ run. This is mainly associated
with the warm fountain, as this component is not present
at larger heights. The ‘SN+AGNTh100Low’ runs has sig-
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driven outflows carry a ‘very hot’ outflow component with temperatures above 107 K, and these outflows are much faster reaching several
thousands kms−1.
nificant thermal energy outflow rates, comparable with the
high SF AGN runs.
Finally, we compare the mass-weighted average outflow
velocities. Note that these will be biased towards lower ve-
locities, as we also capture the slow-moving CGM gas which
happens to have its (extremely small) velocity orientated
away from the disc. Close to the disc, at H = 2 kpc, the
‘SN+AGNTh100Low’ outflow velocities are initially quite
high at 60 − 80 kms−1, but then decrease at later times as
the additional slow-moving SN-driven outflow lowers the av-
erage velocity. At the virial radius there is a sharp increase
in outflow velocities from t ∼ 200 Myr onwards as there is no
more SN-driven component, and all of the material is hot.
Also note that further away from the disc, at H = 20, 75.5
kpc, the average outflow velocity is consistently above the
virial velocity at late times, suggesting that outflows might
become unbound. The ‘SNLow’ outflow velocities fluctuate
between 20 and 50 kms−1 at H = 2 kpc (in accordance
with the timings of SN bursts). There are no outflows with
significant velocities further away from the disc.
For the high SF runs, we also have AGN-driven out-
flows from the very beginning of the simulations, whilst there
is a time delay of t ∼ 25 Myr for the ‘SN’ run, again set by
the time it takes for stars to form and explode as SNe. The
time delay is shorter here as the star formation is more ef-
ficient. For all runs, there is a high amount of mass outflow
at H = 2 kpc at t ∼ 60 Myr. This is caused by the extreme
SN activity following the starburst at t ∼ 25 Myr (cf. Figure
5).
Overall, the outflow rates are roughly similar for the
different feedback models with slightly higher mass outflow
rates for the ‘SN+AGNBi100’ run, which makes sense as
these outflows have additional mass-loading from the AGN.
At large scales the outflow rates are much steadier and there
is not a significant difference between the models, once SN
feedback starts driving outflows. As SFRs do not differ too
much between the different set-ups, the time evolution of
the mass loading factors follows a similar pattern, spanning
values from 10−2 to several hundreds. The first maximum
at H = 2 kpc is largely due to the initial starburst, and is
absent at the other two target heights, again suggesting that
the initial burst ends up as a warm fountain and the outflow
does not manage to fully escape.
Note that close to the disc, the average outflow veloc-
ity stays below the virial velocity for all times except the
initial starburst. Similarly, the peak at H = 20 kpc is also
associated with the peak in SN activity. However, at the
virial radius this peak vanishes, and from t = 100 Myr on-
wards, all high SF runs have outflows steadily above the
virial velocity, as only the most energetic gas manages to
escape to this height. Note that with AGN activity the out-
flows at the virial radius are much faster at late times. This
can be explained by noting that AGN-driven outflows are
mainly low-density and hot, while the SN-driven outflows
carry significant amounts of warm and relatively dense ma-
terial, moving at significantly lower velocities (cf. vertical
velocity projections in Figure 3).
This point is strengthened by the significant differences
in the thermal energy outflow rates. At small scales the
difference reaches more than five orders of magnitudes at
t ∼ 300 Myr when SN activity is significantly suppressed
due to the minimum in star formation at t ∼ 200 Myr. At
large scales, we also observe significant offsets up to almost
two orders of magnitude. The difference between the ther-
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mal properties decrease as the cold and warm component of
the SN outflows do not make it to large disc heights so that
the thermal properties far away from the disc are relatively
similar.
We further investigate the kinematic and thermal prop-
erties of the different runs by inspecting the velocity distri-
bution of the different gas phases. Figure 8 shows the mass
in different velocity bins split by temperatures (cold: 10−103
K, warm: 103− 105 K, hot: 105− 107 K, very hot: 107− 109
K) at the three target heights H = 2 kpc, H = 20 kpc, and
H = 75.5 kpc at t = 300 Myr. We also include inflows here
as we are mainly interested in whether the gas is slow or
fast moving rather than the direction. The CGM is clearly
identifiable as the hot, slow-moving component.
The first interesting point to note is that neither the
‘SNLow’ nor the ‘SN’ run has a very hot component. Close
to the disc, both runs have a warm and a hot component
with velocities up to several hundreds kms−1, and a slow-
moving cold outflow component. The ‘SN’ run also has a
significant cold component at intermediate heights (H = 20
kpc), whilst the outflow ‘SNLow’ run is mainly just in the
hot phase. At the virial radius, the ‘SN’ outflow has all its
gas mass in the hot phase, whilst for the ‘SNLow’ run, we
are left with only the CGM component, since the outflows
do not propagate far enough.
All of the AGN models result in outflows with a very
hot component, and also have broader velocity distributions
with outflow speeds reaching ten thousands of kms−1. An-
other interesting thing to note is that while all AGN out-
flows have a significant cold component at small scales, this
is mostly lost at large scales due to lower outflow velocities
in the cold phase and mixing with the very hot component.
At the virial radius, all outflows are almost exclusively hot
or very hot.
In the whole simulation volume, the ‘SN’ run and
the runs with AGN outflows have similar amounts of fast-
moving gas (|vz| > 102 kms−1) with Mfast ∼ 108 M, but
while for the AGN runs 10 per cent of that fast-moving gas is
very hot, for the ‘SN’ run it is only 1 per cent. For ‘SNLow’,
we only have Mfast ∼ 106 M, of which just 0.01 per cent is
hot. Note that the thermal outflow properties may be res-
olution dependent (see e.g. Smith et al. 2018b; Hu 2018),
though this would be a relative effect, with both SNe and
AGN becoming more effective in heating the gas at higher
resolution.
Overall, we conclude that the thermal and kinematic
properties of the AGN runs are significantly different from
their SN only equivalents even with a more conservative lu-
minosity of ten per cent LEdd. These distinct differences
between the kinematic properties of the simulations are
promising as they carry specific observational signatures. In
the next section, we discuss these possible signatures in more
detail and how the results from our simulations compare to
observations from MaNGA.
4.4 Comparison to MaNGA
There is some first evidence of AGN feedback in dwarf galax-
ies from the SDSS-IV MaNGA survey. Penny et al. (2018)
analyse the MaNGA MPL-5 sample to find AGN candidates
in the dwarf galaxy population5. In particular they aim to
find red geyser candidates, which typically have kinemat-
ically offset ionized gas, either the result of accretion or
outflows of material generated by AGN-driven winds. They
identify five dwarf galaxies with little or no star formation
and an ionized gas component which is offset from the stars.
All of these five galaxies have central spectral signatures
indicating AGN activity, providing tentative evidence for
maintenance mode AGN feedback.
We would like to test whether a similar kinematic off-
set would be observed for our simulated dwarf galaxies with
AGN-driven outflows and how the probability of observing
such an offset compares to the runs with only SNe. For an
observable effect on the line-of-sight velocity, the outflow
component has to be larger than the rotational component.
In Figure 9, we show some representative two-dimensional
maps of the mass-weighted velocity components in the disc
plane for gas and newly-formed stars (i.e. excluding the stars
from the initial conditions) at t = 150 Myr. The colour cod-
ing of the pixels indicates the surface density allowing us
to relate the velocities to the matter distribution. In ad-
dition, the region covered by 1.5Reff , where Reff is the ef-
fective radius, corresponding to the spatial coverage of the
primary MaNGA sample, is indicated by a white circle. For
all runs, the rotational pattern of the stellar component is
undisturbed, suggesting that the large-scale kinematics of
the newly-formed stars are not affected by feedback or out-
flows. The gas velocities are not affected by SN feedback
either. However, adding an AGN makes a significant differ-
ence, with the central velocity patterns being visibly altered
by the AGN-driven outflows. As only the central region is
taken into account when inferring line-of-sight velocities, the
gas component will then be significantly offset from the stel-
lar component.
To have a fair comparison between our simulation and
the MaNGA results, we create mock line-of-sight velocity
maps for both stars and ionized gas6. Here we define a gas
cell as ionized if the neutral hydrogen abundance is less than
0.1 per cent. We have checked a range of values from 10−3
to one per cent and find that our results do not depend on
this cut-off. When creating the velocity maps, we only use
gas cells and stars within 1.5Reff , in analogy to MaNGA.
We also match the resolution of our velocity maps to the
MaNGA resolution at the median redshift of the primary
sample (∼ 304 pc). In each pixel, we weight the velocities
by the luminosity, i.e. by the mass for the stars and by the
square of the density for the gas, as the latter is proportional
to the emissivity. As the galaxies in the MaNGA sample have
no preference for a particular orientation, we create velocity
maps at three different inclination angles αtilt: 0◦(edge-on),
45◦, and 75◦(nearly face-on). We do not create velocity maps
for the face-on case as the contribution of the rotational
velocity to the line-of-sight velocity virtually vanishes.
We then carry out the same analysis that was done with
the MaNGA maps in Penny et al. (2018). Firstly, we con-
volve the velocity maps with a Gaussian filter of filter size
5 Here dwarf galaxies are defined as having absolute magnitude
fainter than MV = −19, central stellar velocity dispersion σ∗ <
100 kms−1 and stellar mass M∗ < 5× 109 M.
6 Note that in our simulations ionized gas is the result of AGN
heating while we do not consider the effect of AGN radiation and
how this may lead to additional ionized gas.
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Figure 9. Comparison between the 2D velocity maps of the stars and gas in the simulations at t = 150 Myr. The colour coding of the
pixels indicates the surface density. The spatial coverage of the primary MaNGA sample of 1.5Reff is indicated by a white circle. With
added AGN feedback, the central circular motion is significantly altered by the outflows so that the gas would be seen as kinematically
offset. With SN feedback alone, the circular motion remains dominant and we do not observe this feature.
two pixels. We then use these maps to measure the global
kinematic position angle7 (PA) of the ionized gas and the
stellar component using the method described in Krajnovic´
et al. (2006). Figure 10 shows example mock velocity maps
for αtilt = 45◦ at t = 150 Myr. The PAs are also given.
As we have chosen the axes so that the angular momentum
vector of the disc is aligned with the z axis, we would ex-
pect the PA to be 90◦. For the stellar component this gets
recovered within ±10◦. Yet for the gas component, we ob-
tain significant offsets when AGN activity is included, as
could have been expected from Figure 9. Also note that
these non-rotational velocity components have much higher
magnitudes than the rotational velocities. This effect is even
7 The kinematic position angle describes the orientation of the
velocity map, and is related to the projection of the angular mo-
mentum vector.
more significant than in the observed MaNGA maps. How-
ever, the low-mass AGN host galaxies in MaNGA have a
typical bolometric luminosity of Lbol = 3.7× 1041 ergs−1 so
with a BH mass of 105 M, this would be approximately
three per cent of the Eddington luminosity rather than the
10 or 100 per cent that we employ in our simulations.
We then go on to construct velocity maps and measure
the kinematic offsets for simulation outputs every 2 Myr
between t = 40 Myr and t = 300 Myr (we choose 40 Myr
as a starting time to allow the initial conditions to settle
and the SN feedback to develop fully). We then use all of
these values to calculate the probability for the offset to
be at least a given angle θ for the three different inclination
angles. These probability distributions are shown in the first
three panels of Figure 11. The minimum angle for the gas
to be categorised as ‘kinematically offset’ using the Penny
et al. (2018) scheme, θ = 30◦, is shown as a grey dashed
c© 0000 RAS, MNRAS 000, 000–000
AGN-driven outflows in simulated dwarfs 15
PA = 69°
SNLow
(Ionized Gas)
PA = 91°
SNLow
(Stars)
0.5 kpc PA = 82°
SN + AGNTh100Low
(Ionized Gas)
PA = 91°
SN + AGNTh100Low
(Stars)
0.5 kpc
PA = 84°
SN
(Ionized Gas)
PA = 88°
SN
(Stars)
0.5 kpc PA = 148°
SN + AGNTh100
(Ionized Gas)
PA = 84°
SN + AGNTh100
(Stars)
0.5 kpc
PA = 155°
SN + AGNTh10
(Ionized Gas)
PA = 83°
SN + AGNTh10
(Stars)
0.5 kpc PA = 22°
SN + AGNBi100
(Ionized Gas)
PA = 83°
SN + AGNBi100
(Stars)
0.5 kpc
100 0 100
vgas [kms 1]
50 0 50
vstars [kms 1]
100 0 100
vgas [kms 1]
50 0 50
vstars [kms 1]
Figure 10. Comparison between the line-of-sight velocity maps for stars and ionized gas at t = 150 Myr. Only gas and stars within
1.5Reff are included (in analogy to MaNGA), and the spatial resolution is matched to the MaNGA resolution at the mean redshift of
the primary sample. For the AGN runs, the ionized gas is visibly offset from the stellar component.
line. For all three inclination angles, galaxies with AGN are
significantly more likely to be categorised as offset, and this
difference increases with increasing inclination angle.
In the rightmost panel we show the probability distribu-
tion inferred from the thirteen quenched MaNGA galaxies
which have both a detectable ionized gas and stellar com-
ponent8. We separate out the seven galaxies which have
been identified as star-forming (SF) or composite and the
six galaxies which have been identified as AGN in the BPT
diagram. As with our simulated galaxies, the probability to
obtain significant offsets is much higher, and the frequency
for different angles for the galaxies with an AGN is very
similar to the distribution in our simulations. Though these
probabilities should be treated with caution due to the small
8 We adjust the kinematic offsets given by Penny et al. (2018)
to be within 0◦ < ∆PA < 90◦ to facilitate comparison with our
simulations which are always co-rotating.
sample size. Also note that for MaNGA there is not a single
galaxy without AGN activity which has been categorised as
offset, while from our models we would expect between 10
and 30 per cent of SF galaxies to fall into that category.
However, note that Penny et al. (2018) only select galaxies
which have little or no star formation so by construction
there should not be strong stellar feedback present in this
sample. If we impose an arbitrary SFR cut on our simulated
data points, e.g. SFR < 0.5 Myr−1, the probability to ob-
tain significant kinematic offsets with the SN only runs is
significantly lower, while the probability distribution of the
AGN runs is barely affected.
5 DISCUSSION
We considered AGN-driven outflows in tandem with SN
feedback to assess whether AGN activity affects dwarf
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Figure 11. Probability distribution for the kinematic offset between gas and stars to be at least an angle θ for different inclination
angles of the disc from edge-on (0◦) to nearly face-on (75◦). These ‘probabilities’ are calculated as normalised frequencies of how often
a certain offset is observed for t > 40 Myr. For the observed data, we use the thirteen quenched MaNGA galaxies from Penny et al.
(2018), which also have a detectable ionized gas component. The minimum angle for the gas to be categorised as ‘kinematically offset’
using the Penny et al. (2018) scheme, θ = 30◦, is shown as a grey dashed line. For all three inclination angles galaxies with AGN activity
are significantly more likely to be categorised as offset.
galaxy properties. For this investigation, we made use of
novel feedback models and a super-Lagrangian refinement
scheme which allowed us to increase resolving power by up
to three orders of magnitude in mass resolution around the
black hole. We found that AGN feedback on its own only has
a small effect on global SFRs. This is in line with findings
from other numerical simulations, e.g. Schaye et al. (2015);
Sijacki et al. (2007); Wadepuhl & Springel (2011) find that
including AGN feedback in addition to SN feedback only has
a negligible effect on SFRs for low-mass systems. The ana-
lytical findings from Dashyan et al. (2018), however, would
suggest that AGN feedback should dominate over SN feed-
back for our set-up. While we do not obtain this, we find
that AGN feedback has a significant effect on local quan-
tities, e.g. the location of star formation and the driving
of outflows. It seems that different from the distributed SN
feedback, feedback from AGN is mainly local. The MaNGA
survey (Penny et al. 2018) finds that dwarfs with observable
signs of AGN activity have an ionized gas component that
is kinematically offset from the stellar component suggest-
ing that the AGN is causing outflows. We observe a similar
effect in our simulations which further supports the suppo-
sition that this kinematic signature is AGN-driven.
However, note that we may be underestimating the ef-
fectiveness of SNe as we neither model other stellar feedback
channels nor have a turbulent ISM model, which Hopkins
et al. (2014) and Kimm et al. (2015) find to significantly
enhance the ability of SNe to efficiently couple to the gas.
This may reduce the gas supply to the central black hole or
lead to hotter and faster outflows even with lower AGN lu-
minosities. Further simulations are needed to explore these
issues in detail.
Another shortcoming of our model is the isolated set-up
meaning that we do not have gas inflows. The next step in
this investigation would then be to run cosmological zoom-
in simulations of AGN feedback in dwarf galaxies and in-
vestigate how the effectiveness of AGN feedback changes
over cosmic time. Smith et al. (2018b) find that in their SN
only simulations of high-redshift dwarf galaxies, significant
amounts of dense gas accumulate in the galaxy centre. This
high-redshift behaviour is worth exploring as high central
gas densities would facilitate the growth of IMBHs in the
early Universe and also make it easier for AGN feedback
to regulate the overall SFR. Furthermore, the more irreg-
ular and clumpy morphology of high-redshift dwarfs may
facilitate AGN outflow leakage into the CGM. Preventive
feedback in the form of CGM heating by the hot AGN-
driven outflows might play a more important role than ejec-
tive feedback for AGN in dwarf galaxies (cf. Penny et al.
2018).
Other studies of AGN feedback in cosmological simula-
tions of dwarf galaxies have found that SN feedback stunts
accretion (see e.g. Trebitsch et al. 2018; Habouzit et al.
2017). However, we know that there are at least some AGN
in dwarfs accreting efficiently from observations. To repli-
cate this in numerical simulations we need a more elaborate
accretion scheme than the currently widely adopted Bondi
accretion model.
6 CONCLUSION
We have investigated the role of AGN-driven outflows in
dwarf galaxies using isolated disc galaxy simulations. The
disc contains the majority of the baryonic mass with Mdisc =
3.5× 109 M, and is gas-rich: 50 per cent of the initial disc
mass is in gas akin to high-redshift analogues. We add a
black hole of mass MBH = 105 M allowing us to test AGN
activity at the upper end of the IMBH range.
For this investigation, we made use of the star forma-
tion and SN feedback model by Smith et al. (2018a) and
the AGN model by Curtis & Sijacki (2015). We used differ-
ent AGN outflow models, ranging from simple energy-driven
spherical winds to collimated, mass-loaded, bipolar outflows,
and employed a super-Lagrangian refinement scheme to ac-
curately resolve the energy injection, increasing the gas reso-
lution around the central black hole by three orders of mag-
nitude. We tested two different star formation efficiencies,
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SF = 0.015, 0.15 and two different (constant) AGN lumi-
nosities LAGN = 0.1LEdd, 1.0LEdd. This way we could assess
the maximum possible impact an AGN could have on this
type of system. Our most important findings are the follow-
ing:
(i) There is a small but systematic effect of AGN out-
flows on central SFRs for all set-ups explored, while
significant effects on the global SFR are only obtained
with strong SN feedback and sustained high-luminosity
isotropic AGN outflows (‘SN+AGNTh100’ run). This
indicates that AGN feedback in dwarf galaxies is un-
likely to directly regulate their global SFRs.
(ii) AGN activity in dwarf galaxies is however effective in
enhancing outflows when there is also strong SN feed-
back present. If the SN feedback is inefficient, even
adding an AGN shining at 100 per cent of the Edding-
ton luminosity does not produce large mass loading
factors.
(iii) With AGN feedback included, the outflows reach
much higher velocities (up to 104 kms−1 compared to
102 kms−1 without an AGN) and much higher temper-
atures (up to 109 K instead of 107 K).
(iv) We find similar kinematic signatures as in observed
dwarf galaxies hosting an AGN from the MaNGA sur-
vey. SN feedback alone does not drive strong enough
outflows to significantly offset the rotational motion -
even when the star formation efficiency is high and SN
feedback is strong. This then strengthens the supposi-
tion by Penny et al. (2018) that these kinematic offsets
are caused by an AGN-driven outflow.
Cosmological simulations are needed to fully answer the
question of whether AGN feedback could affect star forma-
tion in dwarf galaxies. Our findings from the isolated galaxy
set-up indicate that while AGN are unlikely to directly af-
fect global dwarf SFRs, galactic outflows are significantly
enhanced. In realistic cosmological environments inflows are
known to be important especially for high-redshift dwarfs.
It is hence possible that AGN-boosted outflows may pre-
vent some of this cosmic ‘pristine’ gas reaching the dwarfs
in the first place, providing a mechanism for indirect star
formation regulation.
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APPENDIX A: MINIMUM MASS PARAMETER
Since we have a constant accretion rate, only the energy in-
jection scheme needs to be converged, which does not neces-
sarily require resolving the Bondi radius. The smallest mass
scale of the super-Lagrangian refinement is set via the min-
imum mass parameter mmin. Before setting up our main
simulation suite presented in this paper, we ran simulations
equivalent to the ‘SN+AGNBi100’ set-up at lower resolu-
tion (mcell = 2000 M) to test the convergence behaviour
of mmin. The bipolar AGN feedback is particularly reliant on
gas flows being accurately resolved due to the more complex
injection scheme.
Projections of the Voronoi mesh for the four different
runs (mmin = 0.002, 0.2, 20, 2000 M, where the last one
is simply a run without super-Lagrangian refinement) at
t = 25 Myr are shown in Figure A1. The colour coding
indicates the gas cell temperature. The bipolar cone struc-
ture is clearly visible for the lowest minimum mass run,
mmin = 0.002 M, and also discernible for mmin = 0.2 M.
There is no clear cone structure for the other two cases.
These mesh visualisations illustrate one of the main is-
sues with not accurately resolving energy injection for any
type of feedback. Massive gas cells, in general, have a higher
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Figure A1. 1.0 × 1.0 × 0.4 kpc projections of the Voronoi
mesh for the different convergence test runs (mmin =
0.002, 0.2, 20, 2000 M, where the last one is simply a run without
super-Lagrangian refinement) at t = 25 Myr. Colour coding in-
dicates the temperature of the gas cells. Without the refinement
scheme, the gas overcools. As the minimum mass is decreased,
there is a sufficient number of cells within the bipolar cone region
and cells retain high thermal energy content.
absolute energy content. If the amount of energy injected
into the cell is small compared to that overall energy con-
tent, the temperature change will be small and the gas cell
will not get moved to a smaller time-step. If the gas cell’s
time-step is longer than the cooling time, the thermal en-
ergy is lost immediately. For the bipolar feedback scheme,
additional considerations need to be taken into account. In
particular with sustained, powerful feedback, the conical en-
ergy injection region can get almost completely depleted so
that only a few cells actually have their centres in the injec-
tion region. In extreme cases, there are no gas cells in the
‘allowed’ bipolar cone region so that the energy cannot get
injected. At t = 25 Myr with mmin = 20 M, two massive
cells located in the cone region have received the majority of
the energy, whilst the cells in the very centre of the galaxy
have received no energy as they are not within the cone re-
gion. The mmin = 2000 M overcools with no cells above
108 K in the inner region. This shows that to heat the ISM
and CGM from the galaxy centre outwards with a conical
geometry we require a minimum mass of at most 0.2 M.
Next, we gauge the effect of the minimum mass param-
eter more quantitatively, by assessing star formation and
outflow convergence. Figure A2 shows the SFRs for the four
bipolar feedback convergence runs. For comparison the SFR
of the equivalent SN only run is also shown. Overall, the
SFRs for the bipolar runs are in good agreement - within
the expected fluctuations. From t = 200 Myr onwards, all of
the bipolar runs are systematically offset from the SN only
run though this offset is small, similarly to the equivalent
high-resolution runs (cf. Figure 5).
Figure A3 shows the thermal energy outflow rate U˙out
at three target heights, H = 0.2 kpc, H = 2.0 kpc, and
H = 20.0 kpc, for a slice of thickness dz = 200 pc. There
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Figure A2. SFRs against time for the low resolution AGN con-
vergence test runs. For comparison the SN only run is also shown.
The SFRs of all AGN runs are in good agreement, within the ex-
pected fluctuations. From t = 200 Myr onwards, the SFRs of the
AGN runs are systematically lower than the SFRs of the SN run.
are two significant differences to note. Firstly, the driving
of outflows on large scales is slightly delayed without extra
refinement, suggesting that we need the super-Lagrangian
refinement to efficiently drive outflows. Secondly, there are
significant differences in the thermal energy outflow rates,
especially at small scales. The lower the minimum mass, the
more efficiently thermal energy is transported away from the
black hole. Even at large scales, H = 20.0 kpc, there is still a
factor five difference when the super-Lagrangian refinement
scheme is employed. We also inspected velocity histograms
split by temperature and found that there is more fast and
very hot gas with additional refinement. For the overall mass
outflow rate and average outflow velocity, there are no sig-
nificant differences between the schemes, as these are dom-
inated by the slower moving warm phase, present in all of
the runs.
Overall, we conclude that for the thermal outflow prop-
erties to be converged, we need a minimum mass in the re-
finement region of at most 0.2 M, even though for getting
SFRs converged this is not crucial, as the cold star-forming
phase is not affected.
APPENDIX B: SUPER-LAGRANGIAN
REFINEMENT SCHEME AND FEEDBACK
The super-Lagrangian refinement scheme sets a range of al-
lowed cell radii for the gas cells within the refinement radius
Rref . Recall that the refinement radius is set equal to the
black hole smoothing length so that we will have a larger re-
finement region for lower central densities (see Section 2.2).
The maximum cell radius at the boundary of the refine-
ment region is set proportional to the refinement region ra-
dius. Both radii are related to the target gas cell mass via
the boundary cell density and the average refinement region
density, respectively. However, these two radii will only be
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Figure A3. Thermal energy outflow rates against time for the low resolution AGN convergence test runs calculated at target heights
H = 0.2 kpc (left panel), H = 2.0 kpc (middle panel), and H = 20.0 kpc (right panel). Thermal energy outflow rates are significantly
higher with super-Lagrangian refinement and decreasing minimum mass. This effect is particularly significant at small scales.
proportional to each other, if we assume the ratio of these
two densities to be constant. For example, if we assume these
two densities to be equal, the ratio should be approximately
0.3.
We expect the average refinement region density to be
lower than the value at the boundary, since the latter is
less affected by feedback, and therefore choose a fiducial
value of rcell,boundary = 0.1Rref . With strong feedback, this
value might need to be even lower, and with weak feedback,
leaving the refinement region with a relatively uniform den-
sity, this value would need to be higher. We do not want to
overtune our simulations, so we use rcell,boundary = 0.1Rref
for all of our runs. Figure B1 shows the cell size distribu-
tion for the low and high star formation efficiency runs at
t = 25, 150, 300 Myr. We plot average cell size against dis-
tance from the black hole to check whether the gas cells
within the smoothing length have been properly refined.
For comparison, we also show the cell sizes for a run with
the same set-up as ‘SN+AGNTh100’ but without super-
Lagrangian refinement around the black hole.
Firstly, we note that the cells in the refinement region,
whilst much smaller in mass, are not necessarily smaller
in volume. This is because in our simulations, the refine-
ment scheme mainly counteracts the strong AGN feedback
inflating the cells around the black hole, leading to rel-
atively smooth cell sizes, rather than ultra refined ones.
For both of the high-luminosity thermal runs, there are
sharp transitions in cell size at the refinement region bor-
der. For ‘SN+AGNTh100’, these always go to larger cell
sizes as the central region has very low densities due to
the early, high SN activity and aggressive AGN feedback.
For the ‘SN+AGNTh100Low’ run, there is a transition to
smaller cell sizes. The transitions for the ‘SN+AGNBi100’
and ‘SN+AGNTh10’ run are more regularized, since the for-
mer does not inject energy directly into the disc, and the
latter is at lower luminosity and less aggressive. However,
note that without super-Lagrangian refinement, the cell size
transition is even more extreme, sharply rising to ∼ 1 kpc.
Furthermore, due to the inflated cell sizes, there are no gas
cell centres in the central kpc at late times.
Also note that there are similar spatial resolution is-
sues with any kind of extreme feedback, e.g. the strong SN
feedback in the ‘SN’ run also leads to larger cell sizes in the
centre, in particular at early times. In addition, there are
some small discontinuities simply from using up the central
dense gas in star formation which introduces a bias towards
larger cell sizes at the centre of the galaxy.
Curtis & Sijacki (2015) already noticed this issue with
constant accretion schemes and find that if they go higher
than ten per cent of the initial Eddington rate, the gas gets
blown away on a short time-scale. As we only run our sim-
ulations for up to 300 Myr, we still have enough gas to feed
the black hole, however this is an important caveat of the
constant accretion scheme that needs to be kept in mind
when testing extreme cases. Though this is beyond the scope
of this paper exploring the effects of additional regularisa-
tion mechanisms (e.g. setting a maximum volume ratio for
neighbouring cells) would be desirable for a future study.
Figure B2 shows the volume-weighted distribution of
cell masses in the central region at t = 25 Myr. The mini-
mum allowed gas cell mass 10−1 M (cells have to be within
a factor two of the minimum mass 2×10−1 M) is indicated
as a horizontal grey line. A significant fraction of gas cells
in the refinement region reach the minimum mass, which
we will have to keep in mind for the interpretation of our
results. For the bipolar injection scheme we also have some
cells close to the black hole with much higher masses, these
are the cells outside the cone region which are unaffected
by feedback and therefore have a much higher density. This
figure also shows how many gas cells fall below the cut-off
mass for hosting SNe mSN,discard (indicated as a blue hor-
izontal line). Outside of the refinement region only a neg-
ligible amount of gas cells is below the SN threshold mass
suggesting that SN rates should not be severely affected by
this criterion.
To make this claim more quantitative, we show the
number of discarded SNe as well as the ratio between dis-
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Figure B1. Mean gas cell radii as a function of distance from the black hole for all feedback runs at t = 25, 150, 300 Myr. For comparison,
we also show the cell sizes for a run with the same set-up as ‘SN+AGNTh100’ but without super-Lagrangian refinement around the
black hole. The respective sizes of the refinement region are indicated by the coloured arrows. The AGN energy injection significantly
lowers the density of the central region. Without additional refinement, central cell sizes reach ∼ 1 kpc and we therefore do not have any
gas cell centres near the black hole at late times. The super-Lagrangian refinement scheme counteracts this cell size inflation and the
region around the black hole stays well-resolved.
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Figure B2. Volume-weighted distribution of gas cell masses as a function of distance from the black hole for the runs with AGN feedback
runs at t = 25 Myr. The border of the refinement region is indicated in purple, the minimum gas mass in grey, and the minimum mass
for hosting a SN in blue.
carded and total number of SNe for all AGN runs in Fig-
ure B3. For comparison, we also show the SFRs of the
high-luminosity thermal AGN runs, including the high SF
run without additional refinement, and the SN only runs.
Most of the SNe are discarded at early times, however,
as can be seen from the SFRs, this does not affect global
star formation. For the first ∼ 25 Myr, there is a rapid
gas collapse from the initial conditions and SNe are not
effective. Therefore losing SNe at early times will have
a small effect. Overall, the discarded fraction is approxi-
mately 2 per cent for ‘SN+AGNTh100Low’, 6 per cent for
‘SN+AGNTh10’, 7 per cent for ‘SN+AGNBi100’, and 18 per
cent for ‘SN+AGNTh100’. For the first three, the discarded
fraction is not significant but nevertheless non-negligible
and could have a small effect on total feedback energet-
ics. The high discarded fraction for the ‘SN+AGNTh100’
run is largely due to the aggressive constant isotropic feed-
back, heating up and dispersing the gas around the black
hole. However, this aggressive feedback also means that
the inner region, where we discard the SNe, is signifi-
cantly heated up anyway so additional SNe would not make
much of a difference here, as can be seen from the neg-
ligible difference in SFRs between ‘SN+AGNTh100’ and
‘SN+AGNTh100NoRef’. Also note that the same SN event
might get discarded repeatedly so our discarded SNe frac-
tions represent an upper limit.
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Figure B3. The impact of discarding SNe in super-refined cells (mcell < 0.2mtarget). Left panel: number of discarded SNe vs. time.
Middle panel: fraction of discarded SNe against time for the AGN feedback runs. Right panel: SFRs for the most aggressive AGN
feedback models (thermal feedback at the Eddington luminosity) and the SN only runs as well as the thermal AGN feedback run without
additional refinement (‘SN+AGNTh100NoRef’), for the latter two virtually no SNe are discarded as we do not use the super-Lagrangian
refinement scheme. Note that even though a significant number of SNe get discarded at early times (between 6 and 28 per cent), the
SFRs are not affected. This is because the inner region, where we discard the SNe, is already heated up by the AGN activity so additional
SNe would not make much of a difference here.
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